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REMARKS 

Applicants would like to thank Examiner Steadman for the helpful discussion of the 
issues with the undersigned and Dr. Derbyshire in the telephone conference on October 7. 
During the discussion, prospective amendments to address the various bases for the I .summer's 
rejections were discussed. The Applicants representative also noted for the Examiner's 
consideration the features distinguishing the invention from the cited art. In light of this 
discussion, Applicants have amended the claims in a way which is though to obviate the 
Examiner's 35 U.S.C. § 1 12 rejections and to improve the definition of the invention. 

Status of the Claims 

Claims 1 , 6, 7, 9, 12. and 14-17 are currently pending and under examination. Claims 2- 
5, 8, 10, 1 1, 13, and 18 have been canceled without prejudice or disclaimer of the subject matter 
claimed therein. The pending claims are thought to be allowable for the reasons noted below and 
otherwise of record. 

Amendments to the Claims 

Claim 1 has been amended to recite the elements of canceled claim 8. 

Claim 17 has been amended to recite the elements of canceled claim 18. 

Claims 1 and 1 7 have also been amended to recite that the yeast is glycosylation deficient 
as compared to a parent strain and that the AFP exhibit ice recrystallization inhibitory activity. 
Representative support can be found at page 6, lines 6-13 and at page 15, lines 12-19. 

The amendments to the claims do not add new matter. 

Claim Objections 

Claim 13 is objected to for being a substantial duplicate of claim 9. Without acquiescing 
to the merits of the objection, Applicants have canceled claim 13. 

Claims 1, 14, 15, and 3 7 are objected to for failing to recite what the homology is to. 
Applicants have amended these claims to recite "amino acid homology", as suggested in the 
Office Action, It is therefore believed that the claims as amended are in the requested improved 
form. 



DB 1,620468 16.1 



Attorney Docket 056159-5261 
Application No. 10/539,229 

Page 5 

Rejection Under 35 U.S.C. 8 112, Second Paragraph 

Claims 1, 6-9, and 12-18 and 12 are rejected under 35 U.S.C. § 1 12, second paragraph, as 
allegedly failing to particularly point out and distinctly claim the subject matter regarded as the 
invention. 

The Office Action alleges that claim 1 fails to provide a standard for determining the 
requisite degree of protein mannosyl transferase deficiency. Applicants have amended the 
claims to recite that the deficiency is compared to a parent strain. 

The Office Action also alleges that claim 17 is confusing for recitation that the yeast is a 
protein mannosyl transferase. Applicants have amended the claim to recite that the yeast is a 
strain deficient in pmtl and/or pmt2. 

The Office Action also alleges that claim 17 is indefinite in recitation of functional 
equivalents for failing to recite the function the equivalents can achieve. Applicants have 
amended claim 17 to recite that the type III AFP exhibit ice recrystallization inhibitory activity. 

The Office Action also alleges that claim 17 is indefinite for failing to set the metes and 
bounds of the anti -freeze protein (AFP). Applicants have amended the claims to recite that the 
nucleic acid encode a type III HPLC-12 AFP. It is therefore respectfully requested that the 
Examiner's rejections under 35 U.S.C. §112. second paragraph, be withdrawn. 

Rejection Under 35 U.S.C. § 1 12, First Paragraph 

A. Claims 1, 6-9, and 12-18 are rejected under 35 U.S.C. § 1 12, first paragraph, as 
allegedly failing to comply with the written description requirement. 

The Examiner alleges that the claims do not recite a functional limitation that the type III 
antifreeze protein must achieve. The claims, as amended, recite that the type III AFP exhibit ice 
recrystallization inhibitory activity. The portions of AFPs responsible for ice recrystallization 
inhibitory activity are known in the art (see, e.g., Baardsnes et al. J. Biol. Chem 278: 38942- 
38947, 2003, and Graether et al. J. Biol. Chem. 274: 1 1842-1 1847, 1999, both attached hereto). 
Accordingly, it is believed that the claims as amended appropriately refer to a functional 
limitation for the type III AFPs. 

The Office Action also alleges that the specification fails to provide written description 
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for the genus of yeast deficient in pmll and/or pmt2. Without acquiescing to the merits of the 
rejection, Applicants have amended the claims to recite that the yeast is S. cerevisiae. 
Accordingly, it is believed the claims, as amended, comply with the written description 
requirement. Applicants therefore respectfully request that the Examiner's rejection under 35 
U.S.C. § 1 12, first paragraph, be withdrawn. 

B. Claims 1, 6-9, 12-1 8 are rejected under 35 U.S.C. § 1 12, first paragraph, as allegedly 
failing to enable the claimed invention. The Examiner alleged that the specification fails to 
enable producing any type III AFP polypeptide using any yeast host deficient in protein 
glycosylation. 

The Examiner alleges that the specification does not enable a method of producing any 
type III AFP in any type of fungal host cell deficient for glycosylation without a functional 
limitation. The claims, as amended, recite that the type III AFP exhibit ice recrystallization 
inhibitory activity and that the yeast is S. cerevisiae. Accordingly, it is believed that these 
amendments overcome the basis for this enablement rejection. It is therefore respectfully 
requested that the Examiner's rejection under 35 U.S.C. § 1 12, first paragraph, be withdrawn. 

Rejection Under 35 U.S.C. § 103(a) 

Claims 1-9, 12, and 13 are rejected under 35 U.S.C. § 103(a) as allegedly being obvious 
under Chapman et al. (WO 97/02343) ("Chapman") in view of Ng et al. (U.S. Patent Application 
Publication 2002/0068325) ("Ng") and Gentzsch et al. (FEBS Lett 377: 128-130, 1995) 
("Gentzsch"). 

The Examiner alleges that Chapman discloses a recombinant type III AFP HPLC-12 
produced in Sacchuromycss cerevisiae, Ng discloses O-linked glycosylation in the ER by pmts, 
and the Gentzsch discloses pint 1 and pmt2 deletion mutants. The Examiner alleged it would be 
obvious to recombinantly produce the AFP of Chapman in the pmt mutants of Gentzsch given 
the disclosure concerning glycosylation disclosed by Ng. 

The Applicants respectfully submit that there is no basis in the cited references to warrant 
the combination proposed by the Examiner. 

Chapman discloses a production of a type III AFP HPLC-12 prod uced in S. cerevisiae. It 



Attorney Docket 056159-5261 
Application No. 10/539,229 

Page 7 

is of significance that the AFP is properly produced in yeast when assessing the obviousness to 
combine the elements from the references. Ng discloses use of pmt mutants as a means to 
overcome "aberrant" glycosylation that leads to rapid degradation of the recombinant protein 
(see Ng at paragraph [0071]), The aberrant glycosylation disclosed by Ng prohibits proper 
folding of the recombinant protein and thus the protein is not secreted and is rapidly degraded. 
The AFP disclosed by Chapman, however, is reportedly produced efficiently in wild type yeast. 
Accordingly, one skilled in the art would not determine that the AFP of Chapman needs to be 
produced in a pmt mutant yeast or that to do so would help in any way. As the Office Action 
acknowledges, prediction of what glycosylation does to a protein is unpredictable. One skilled in 
the art would not have an inkling of what altering glycosylation would do to the type 111 AFP. 
Indeed, Chapman does not even disclose that the type III AFP is glycosylated at all when 
produced in wild type yeast. 

Furthermore, no cited reference discloses that pmtl or pmt2 are the pmt proteins 
responsible for glycosylation of the type III AFP protein in yeast. One skilled in the art would 
not know from the art what pmt or combination of pmts are responsible for glycosylating type III 
AFPs or that the indicated glycosylation could be usefully omitted in the preparation of type III 
AFP. 

The Federal Circuit recently stated that the decision of the Supreme Court in KSR with 
regards to obviousness requires that there be "a reason that would have prompted a person of 
ordinary skill in the relevant field to combine the elements in the way the claimed new invention 
does." Takeda Chemical Industries, Ltd. v. Alphapharm Pty., Ltd. 492 F.3d 1350, 1356-1357 
(Fed. Cir. 2008) (citing KSR International Co. v. Tele/lex Inc. 127 S.Ct. 1727 (2007)). 
Accordingly, there must be a reason present for a person skilled in the art to combine the 
references in order to find the invention obvious. As Chapman does not report his AFP to even 
be glycosylated when produced in yeast and no reference describes what effect glycosylation 
might have on the product or which pmt enzymes are responsible to glycosylate an AFP, there is 
no reason present in the cited references that would lead one to make the Examiner's selective 
combination of the references to reach the invention and to otherwise make it obvious. It is 
therefore respectfully requested that the § 1 03(a) rejection be withdrawn. 
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Conclusion 



The foregoing amendments and remarks are thought to obviate the basis for the 
Examiner's rejections and to otherwise place the application in condition for allowance. 
Accordingly, Applicants respectfully request reconsideration and allowance of the pending 
claims. Should an interview be helpful to further prosecution of this application, the Examiner is 
invited to telephone the undersigned. 

If there are any additional fees due in connection with the filing of this response, please 
charge the fees to our Deposit Account No. 50-0310. If a fee is required for an extension of time 
under 37 C.F.R. §1.136 not accounted for above, such an extension is requested and the fee 
should also be charged to our Deposit Account. 



Dated: October 20, 2008 

Morgan, Lewis & Bockius LLP 

Customer No, 09629 

1111 Pennsylvania Ave., N.W. 

Washington, D.C. 20004 

202-739-3000 



Respectfully submitted 
Morgan, Lewis & Bockius LLP 
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Antifreeze Protein Dimer 

WHEN TWO ICE-BINDING FACES ARE BETTER THAN ONE* 
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A naturally occurring tandem duplication of the 
7-kDa type III antifreeze protein from Antarctic eel pout 
(Lycodichthys dearborni) is twice as active as the mono- 
mer in depressing the freezing point of a solution. We 
have investigated the basis for this enhanced activity by- 
producing recombinant analogues of the linked dimer 
that assess the effects of protein size and the number 
and area of the ice-binding site(s). The recombinant 
dimer connected by a peptide linker had twice the ac- 
tivity of the monomer. When one of the two ice-binding 
sites was inactivated by site-directed mutagenesis, the 
linked dimer was only 1.2 times more effective than the 
monomer. When the two monomers were linked through 
a C-terminal disulfide bond in such a way that their two 
iee-binding sites were opposite each other and unable to 
engage the same ice surface simultaneously, the dimer 
was again only 1.2 times as active as the monomer. We 
conclude from these analyses that the enhanced activity 
of the dimer stems from the two ice-binding sites being 
able to engage to ice at the same time, effectively dou- 
bling the area of the iee-binding site. 



Fish are protected from Freezing by antifreeze proteins 
(AFPs), 1 which bind to the surface of nucleating ice crystals in 
their body fluids, thereby reducing their freezing point below 
that of the ocean (1-3). AFPs create a local curvature of the ice 
between adsorbed AFPs. which makes -t energetically unfavor- 
able for liquid water to join the ice surface (4). This process, 
known as the Kelvin ei'fect, produces a non-equilibrium reduc- 
tion of the freezing point of ice below the melting point 1 5). Tile 
difference between the melting ami freezing points is the ther- 
mal hysteresis gap, and it is within this temperature range 
that ice growth is prevented and fish are protected from 

Type III AFPs belong to one of several structurally distinct 
antifreeze protein families found in fishes iti-rii. These 7-kDa 
proteins have a compact it-stranded structure >9 1.3; that 
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thase i.M). Structure-function studies have localized the ice- 
binding residues to a flat, amphipathic surface on the protein 
ill, It It ifus ici binding i r.eh.des severs cm erved 
hydrophilic residues (Gin 9 , W, Thr", Thr ia , Gin 44 ) that 
potentially form hydrogen bonds with water molecules on the 
ice surface nil. 1, Hani ! 1 Iropla residues [Leu "', 
lie 5 ", Leu 1 ', VaP, Va!' ,: i on the periphery. Altogether, these 
residues are thought to make favorable van dor Waals contacts 
with the ice surface (10, 12, 18-20). In addition, there may also 
be stabilizing eiitropic effects from bringing this somewhat 
hydrophobic surface into contact with ice ( 10, 21). Type III AFP 
was first reported to bind to the primary prism plane 110-101 of 
ice (22). However, Antson et al. have recently 3hown it can bind 
to several planes lying parallel with or at an acute angle to the 
c-axis of the ice crystal (9). 

Approximately 20 type III isoforms from five species of zoar- 
cid fishes have now been sequenced, with an overall 50% se- 
quence identity. One isoform (designated RD3) from the Ant- 
arctic eel pout [Lycodichthys dearborni) has two type III AFPs 
joined in tandem by a nine-amino acid linker peptide (23). This 
duplicated AFP with two similar AFP domains has been re- 
ferred to in the literature as an. intramolecular dimer (24) 
although there is no suggestion that the tandemly repeated 
AFPs contact each other, NMR analysis of the 14.7-k.Da RD3 
isoform indicates that the linker region is fairly flexible and 
may allow nodi ice-bindinp faces to engage the ice surface at 
the same time (24). RD3 was reported to have twice the molar 
activity of the monomeric isoforms RD1 and RD2 (23) and 
anywhere from 1.5 to six times the activity of the recombinant 
N-terminal domain alone depending on the concentration 
tested 1 24). Biosyiuhetac turners and lefraiuers of type 111 AFi> 
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Protein ID P19614). Currently, this is the best characterized 
type HI AFP isoform. Its 1.15-A x-ray structure has been solved 
independently by two groups - Ha a high precision NMR strut- 
fare is available if and its i < u 1 u site has in defined 
by site-directed mutagenesis 11 15. 16, 18). As a result of 
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Fig. 1, Synthetic linker oligonu- 
cleotides and sequence alignment of 
HTM, wlwAFP and wlxAFP. A, syn- 
thetic oligonucleotide- ::.-<;:: I in construe 
•ion of the kmkci region. '! lie RD3 linker 
amino acid sequence is undi-riirmtt B, h 
blast 1 1 m m ! ignment of wlwAFP and 

hi til 1 i 1 I L I i ill 

fur wlxAFP identified below the wlwAFP 
wquenc. wJwAFP and RDo 1 have TT r : 
amino acid identity. 
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nated by the triple mutation Nl 1R/T1 8N/Q44T (16) 
wlxAFP. Thus, a comparison between wlwAFP and 
with one ice binding site knocked out :wlxAFP) a 
mine how much of the increased nclivity of the dimer is bem 
of an increase in the overall size of the protein and how m 
is because of doubling of the area of the ic 
Finally, to determine whether enhancement 
from increasing the number of ice-binding si 
the orientation of these faces relative to a pla 
intermolecular homodimer (wsswAFP) was 
the formation of a disulfide bond between C-terminal Cys i 
idues of an A65C variant. On the basis of modeling, the ice- 
binding faces of this tail-to-tail dimer are sterically inhibited 
from simultaneously interacting with the same ice surface. 

When the two AFPs were joined in tandem by the 9-amino 
acid RD3 linker sequence (wlwAFP), their antifreeze activity- 
was twice that of the type III monomer. However, when the two 
AFPs were joined tail-to-tail by the (.-terminal disulfide bond 
their AFP activity was only 1.2-fold higher than the monomer 
iwssw.AFPi. The main difference het.weei: -best! aimers is that 
rsion can potent ia.lv engage both ici'-bua.krm; 
ce surface, whereas in the tail-ln-tai! dimer 
at simultaneously dock to a single plane tee. 
e-binding sites of the tail-to-head dimer was 
ivatcd by site-directed mutagenesis i v.hxAFP;. the net an- 
tifreeze activity also decreased to 1 .2-fold that of the monomer. 
Thus, tile higher activity of the he.ml-f.i-taii dimer is attribut- 
able in part to its increased size but is mainly because of the 
flexible linker allowing a doubling of the protein surface in 
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tlnvitrogen). The ligated products won- Iransformed info E. eali JM-S3. 
,iml positive eooies wore selected hosod or; ihc appearance of a 'lOO-bp 
.Vo'ob/V/T digestion friiBniftil. indicating a successful triple ligation. 
Positive clones encoding wiwAFP were verified by DNA sequencing 
oC'crr.ec, Kingston. Ontario, Cmmdut 

I ~i it- li i i 1 i> v< d using an inactive 

mi atan ii }i f'th Q ahm 1 gene U6>t dupph 

the NdeVBglll gone + vector fragment. 

» r R ombinant Dimers — Recombinant 

intramolecular dimers were expressed and purified following protocols 
used for the monomers (16) with a few minor changes. To limit prote- 
olysis within the flexible linker region, the protein was refolded for 2 h 

ride and 1.0 mM EDTA to both the refolding anctdialvs'L buffers. The 
protein was purified using S-Sepharose FPLC with an increasing NaCI 
concentration gradient in 50 ism sodium acetate (pH 3.7). The FPLC- 
pure protein was dialyzed with 10 mM NH 4 HC0 a and subsequently 
lyophilized. The purified protein was resuspended in H s O, and corscen- 
tration i 1 imi i I analysis (Alberta Peptide Institute, 

Umvt itv of Albert a. Kdi i i i prepared for 

therms! hysteresis measurements m lot: invi .XiMli i.1, 

Generation of the wsswAFP Intermolecular Dimer— The A65C mu- 
tant in hint t ti 1 lireci a u n i _S 
using the sequence 5 ' -TAAAGGTTACGCTTGTTAAGAATTCGGAT-3 ' 
as described previously '27:. The protein was expressed and purified 
from K. •-•■>!: inclusion boib.ei followin-. st.mi.lanl protocol's except 10! the 
addition ot 10 my ii meroaploelhann! to the ou mM sodium ot.ot.ite (pH 
3.7) used as the refolding, dialysis and FPLC buffers. This allowed the 
protom to remain monoiaons o.nd proceeded irreversible oggrogat ion of 
the protein with th 11 i fh f'TX'- purified .1 was dialyzed 
into 5 m i Nil IICO, at 1 a nci lyophi 1. Ap] inn itch nig ol 

i resuspended 0.5 ml oxidization bu it 

mM EDTA, 0.1 M NaCI (pH 8.0)) in a 1-ml Eppendorf tube and incubated 
at -II 11 li h No tin t o -i e n liu - ir 0 L'-o in tilt Al 1' 
In i oi- i(n-i il i on i a ii ill I i tit t be 

formed. Alter 2 days in ihe oxidi/.in;; buffer, disullide-linkeii A65G 
li-preparative 



(wsswAFP) was separated from monomer by C 1S 
HPLC (Vydac, Inc.). Samples were loaded 
onto the column pro • <\n i > i • 
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Fro. 3, Thermal bvsU imsis iietivitv curves of wlwAFP stud wlx- 

AFP. Thermal hysteresis activity curves of wlwAFP (triangle*), wlx- 
Al-Pi ,<.ff ;«ne: rQAFmU (««•/,•«:•. Swmdnrd devinl.mii.s ofwtwAFP 
an I U->FT rr shown n Bach point oi tht attiyitv curve 

i in ti 1 1 liI i ! i • i j i 

best fit from three ind.-|H.md,;iil I roils, and the wlxAFP curve is based on 
two independent trials. 



esis activity as dtwribed previously i>;y; ice crystal 
using a Leitz 22 microscope, and ice gap growth of more than 0.2 jim/s 
signifies that the solution freezing point has been reached or exceeded. 
Molecular Modeling of wlwAFP and wsswAFP— The initial wlwAFP 

MODEL (30) using the ED3 NMR t , 2 cm Data Bank 

code 1C8A) as a template. Compared with RD3, wlwAFP has an addi- 
tional amino acid (Ala) at the C-tcrminal end of the dimer linker and 
four residues (MNQA) at the N terminus of the second AFP of the 
dimer. (Fig. 1). This segment generated an unrealistic loop in the 
Swiss-MODEL structure. However, PredictProtem (Department of Bio- 
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force field, G astoiovi oUarshi i charges, and distax 
bain confiaiv-ar vro died usa 

(Fig. 2A). 

The v,ssy,AFP model was coii«ruM«l inirig the molecular modeling 
software SYBYL, by replacing Ala' '' to Cys in two type 111 AFP models 
(Protein Data Bank code 1MSI) and then creating a disulfide bond 
ln.-i'.veen then, using the Biopoiymo: romiule. Rotational freedom alum! 
the disulfide bond of the new dimer was explored by using a short 
.SYRYf, Programming Language «SPI.: script, which systematically per- 
formed every torsion angie tonibiontion at 10" imromeists about the 
icntral h iiIm'i I n i and i > o mi o or 'linn ,» u, Each 
combination v. as minimized briefly - 25ij iterations. Tripos force liekl. 
It „ r li li ih ir„ u it dielectric i n t ,< and final en- 

ergy values were recorded. Toe ice-b;nu;ng faces of the 120 most ener- 
getically favorable eijriforrosioj.is were sapcriaipo.-ed to inciCile the 
possible i nt * i n , t the two ice-oiaGSiig u s it J j eespeit to one 
another (Fig. 2C). 



wlwAFP Is Twice as Aim- . ^.l/.i^r . 1- n. III AFP- -The 
ccoitibmatit tamers iha i i n£ i i 

inantly partitioned to the insoluble cell pellet (not shown). The 
refolded dimer proteins from this fraction dated from ion- 
exchange FPLC as sharp peaks at the same NaCl concentration 
as the monoir.. 27 J is ^ L y . tl e ; 1 va'us foi 
wlwAFP/wlxAFP and the AFP monomer being so similar (6.1 
and 6.0, respectively). SDS Pitib i i 

dinners had the expected 14 kDa , not s ovt i 

Thermal hysteresis activitj lor w .v. A'r ]' v ..>. o.nA t at 0,07 
mM compared with 0.26 "C for the monomer (Fig. 3). Across the 
concentration range of 0 to 0.20 mM. the wlwAPP d a - t < l 
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Fig. A, Thermal hysteresis activity of type III AFP fusion pro- 

!( >H 11 1 | I 1 1 I J 11 

thioredoxin j -- ■ • n p«>ti;:i) i20 kOa, dosed zriangUs 1 :dala from Deluca 
c! ui. :26-). and wlxAFP {14 kDa, open squares). Activity of the ml.l 
monomei' is shown as closed circles. 



2-fold enhancement in activity compared with the monomer. 
This augmentation is in close agreement with the original 
findings of Wang et al. (23), where the native RD3 isoform at 
0.7 mM increased activity by ~ 1.8-fold on a molar basis com- 
pared with the RD1 and RD2 monomer isoforms. This level of 
enhancement was also reported by Miura et al. (24) for recom- 
binant RD3 at a concentration of 0.5 mM when compared with 
the novel RD3-N1 monomer. 

In the wlxAFP dimer, the ice-binding site in the C-termuial 
domain has been eliminated by the triple mutation N14S/T18N/ 
Q44T. This loss of one of the two ice-binding sites consistently 
reduced the activity of the dimer by -40% compared with wl- 
wAFP across the concentration range studied (0 to 0.20 mM) (Fig. 
3 k However, the wlxAFP dimer levi is c-i activm w. n iill hi>:hei 
than the monomer. The small but constant 20% increase in 
activity of wlxAFP compared with monomer is consistent with 
data previous); reporte* DeLuca i 21 hen increasing 
the size of type HI AFP by fusion to other proteins increased its 
AFP activity (Fig. 4). Fusion proteins of 50 KDa (type III AFP 
with a maltose-binding protein fusion!, and 20 kDa -'type ITT AFP 
with a thioredoxin fusion generate! i rraa 1 t resJS ctivitj 
values of 0.60 and 0.36 °C, respectively, at 0.07 mM. The wlxAFP, 
at 14 kDa, Mows this trend with a thermal hysteresis value of 
0.31 "C at 0.07 him. The activity curve of this protein falls be- 
tween the type III monomer and 20-kDa thioredoxin-AFP fusion 
protein across the concentration range tested i.O to 0.25 mw. 

/ f > L L> > n ei i it i i 

tiie disuifide-isoiaiod diaicr of A65C >wsswAFP> from the mon- 
omer on C 1H spmi-preparutivc reversed -phase TIPLC, two sharp 
peaks of approximately equal area elated with retention times 
of Ho and 40 min - Fig. 5i. 'Die proteins in the first and second 
peaks were identified using nonrodi i i SDS-PAGH as tin 
i i i t i inter, i Hit here \ it ait r 
ination of the peaks nor any change in disulfide bonding after 
, separa i fhi uider oi elution by HPLC was as ex- 
,,v. t> t . - „a„t i dimer protein binding more tightly to 
c th c HPLC peaks, - 50% of 
Me-, r i.f i _ f ; tot mod a dimer. 

A portion of the purified wsswAFP was reduced by the addi- 
tion of DTT. The complete reduction of the newly formed disul- 
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Fie. 5. C„ semipreparutive HPI.C separati 
wAFP dimer (14 kDa) from A65C 

solvent E is shown by tin- Untied /»'«.;. 
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fide bond w as possible when an alkaline pi I was maintained 
with NH 4 HC0 3 (data not shown). This allowed parallel analy- 
ses of the same sample in both the monomer and dimer states 
with absolute confidence in the relative protein concentrations 
(Fig. 6). After reduction, the molar concentration of the reduced 
A65C monomer was exactly twice that of the starting wss- 
wAFP, Thermal hysteresis activity measurements showed that 
the oxidized wsswAFP dimer had 20% more activity than the 
reduced A65C monomer at protein concentrations of 0.02, 0.07, 
and 0.2 mM (Fig. 7). This activity augmentation is much less 
than that seen with the wlwAFP head-to-tail dimer but is 
similar to the activity enhsmreinent seen for the wlxAFP dimer 
with one inactive ice-hmd i rig surface. 

The Conformation of the wsswAFP Dimer— In the absence of 
i structu t th iFP. the re I five orientation of the two 

ice-binding sites was established by modeling. Both AFP do- 
ii a i - wet s tematicaily nil ted by 10 im i ami iround 
the disulfide bond and adjoining carbon-sulfur bonds followed 
by energy minimization at each interval. This allowed for a 
large sampling of the total possible con former* that could be 
adopted b the t j i| n ib 1 hie. bond flu 

central Ala 1 * residues ifeai i ;c ^binding face are placed nearh 
rgetically favorab) 



(shov 



. Th. 



se I per 



ice-binding faces will occupy opposite surfaces of the d 
are incapable of simultaneously engaging the same ice 



'the 120 
■ a: both 



LHSeijSS;.,v 



This 



jtid i£ 



dimer reported by Wang 
values determined by Miura et al. (24) for 
duead RD3. By confirming this enhancement 
designed dimer made from identical 



rurally 
property 
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Fie. (i. SDS-PAGE uiiuIvkih of wsswAFP in the presence of 
T)TT K. Jn' !il FjTT li fl i. , t r . cti i 

,, .clues-. Lain: A. type ill APT QA&.iil.l contruk lane 8. 0.24 mM 
HPLC purified wsswAFP; /<»«• C. 0 3S niM wwwAKP containing 2<H> m.M 
NH.HCO, f without DTT): tone 25, 0.38 mM A65C containing 200 
mM NH„HC< >, and ail ,„:., DTT; 'oho. E. 0.018 mM AC5C containing 200 
ue-,i XII .!:- '•>. and 50 mM DTT. 

using AFPs that differ slightly in sequence from the AFPs 
present in the RD8 dimer. The aoublu . oi tntifreeze activity 
for a protein of the same molarity nus potential applications in 
biotechnology (31, 32) and is of mechanistic interest. We have 
considered and Investigated several explanations for this phe- 
nomenon. Specifically we have examined the effects of the size 
number of ice-binding .sites ami the total area of ice-binding site 
in contact with ice. 

Activity Enhancement of wlxAFP Is Based on Size— As pre- 
dicted by previous observations (26), there was a small gain in 
activity for the recombinant dimer containing an inactive do- 
main (wlxAFP). Inactivation of the second domain was based 
on the type III rQAFml.l variant, N14S/T18N/Q44T, which 



s shown previously to be completely inactive froi 
mM (16). Therefore, the 20% gain in activity coul 
tributed to antifreeze activity in the C-terminal d 
acth ily increase does, however, fit. well with the a 



0 to 0.7 



enhaj 



i based c 



•eases using N-ten 



fusion proteins (26). The fac 
wlxAFP fusion is on the C-terminal side does not seem to affect 
the result. The wlxAFP activity curve fits between the activity 
curves of the monomer (7 kDa) and thioredoxin fusion (20 kDa). 
Indeed, there is such a good correlation between fusion protein 
mass and activity that it is possible to confirm the mass of 
wlxAFP by interpolation of the data from the activity curves of 
the monomer and the 20- and 50-kDa fusion proteins. Overall, 
it is clear that only a small component • - 20'A i of the dimer 
activity is due to the increased size of the AFP. 

Two Ice-binding Sites Are Not Necessarily Better than 
One \\i ci n i sibili 1 -f the hai da th ty 

of the typo ill AFP aimers might be due m part to two a:e- 
hindiug sites increasing the probability of binding to ice. The 
\ti r !< i en .1 ul i d a i v i u i t i d h ii he two 
ice binding i i I the protein. The cysteim 

residue is at. the C terminus of the monomer, and an intermo- 
tecular disulfid. bond should form t dimer that is msrrained 
li i li ji i \H tm n Mint a is] 1 „ igi *b 1 

surface Moletular ineiicbug confirmed that none of the ener- 
getically favor.ible structures wsmki allow simultaneous en 
gagement of both sit. s to a fiat ice surface. The 20% increase in 
acttvtty of 1 h,e A60C dimer is comparable with that obtained 
> h v\hi J in . i 1 hi i Or it 1 1 1 u it ise in size of 
• i. '11, t \11~A it , • +.J -t i\os as a fusion pro- 

em md ths -e is . • .-d'-antage to the extra ice-binding site if it 
ntrvrv [;,■■ :,. ;vv .-eim.::!- aneoash :■: ice [t is important to note 
that reduc ion oi the is il ie i 1 mvied for a built-in in 
- 1 1 he monomer and dimer cone< nti ation: ■ 
This is especially important at low AFP concentrations where 




concentration (mM) 



mtifreeze 



with 



small changes in conce 
activity, and accurate 1 

ingful comparison between AFP molecules 
activity. 

Ice-binding Site Area Is the Key to Increased Antifreeze Ac- 
tivity—The: wlwAFP dimer has the same mass and number of 
ice-binding sites as the A60C dimer, wsswAFP, but is consid- 
erably more active. The critical difference is the head-to-tail 
arrangement of the two domains and their flexible linker, 
which permits the two AFPs to bind the ice surface simulta- 
neously. On '. he basis of the solution structure of RD3, Miura et 
al (24) determined that only a small fraction of the total RD3 
conformers would be oriented to engage both ice-binding sites 
simultaneously to the {1 0-1 01 primary prism plane ice surface. 
This is based on the observation that only one of the NMR 
it] rri.icti.lt 11 I ii ' ' 1 us. i J 

ever, Antson et al (9) have recently reported that type III AFP 
can bind to a set of similar cryslahographie planes. This 111 
eludes secondary prism planes (12-1-1 01) and primary pyram- 
idal planes (|2 0-2 1}) in addition to the primary prism plane. 
Fin 1 h ,1 jLi„i i an i it p t nti 1 idov c m e\i-,K tor 

RD3 than previously identified, and this will increase the num- 
ber of active AFP conformations hi solution. The second ice- 
binding face will not be required to bind to the exact same k« 
plane a- the first, 11 1 < 1 i_ tor greater flexibility n a t binding 
site selection. Verification of the modeled wlwAFP structure 
using PROCHECK revealed that both ice-binding faces of the 
derived structure have the potential *o engage aflat ice surface 
simultaneously while satisfyiae all geometric constraints. 

AFP Activity as a Function oj I < \rea There is 

increasing evict ma mv, the 1 I'lfu ' 11 t\ an be en- 
hanced by increasing the length/area of the ice-binding site, 
bn -1 : V-K is. - , 



3 acids in length (4.3 kDa 

yI therefore has a la 
ates highei a,,t,heive 

:o.voimi:i> studied 37-a 
. The same trend is 
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observed with antifreeze 
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glycoproteins 
prise Ala-Ala- 



f 3000. Anc 



lycoprotems com- 
i- linked disaccha- 
, AFGP-5, with a 
ly twice the activ- 
x approximate 



.v;th 



e of - 



s the 



Because 



. As the d 
t< is little a 



. AFC Pi 



m (501) with two addi- 
as active as the shorter 
>nded A65C dimer has 
ned from simple dimer- 
increase in activity re- 
with the ice surface, 
uce budworm AFP are 
y lengthening the pro- 
ling face contacting the 
ice surface. However, because the type III AFPs are globular 
proteins with a well defined ice-binding face, the surface area 
cannot be increased simply by increasing the size of the mon- 
omer. Dimerization via the flexible linker is an efficient way to 
accomplish this task. 

As mentioned previously, antifreeze proteins are thought to 
bind to the ice surface, forcing the ice to grow into a convex 
surface between bound AFPs. The enhancement seen with 
fusion proteins is thought to be due to the larger protein re- 
ducing the radius between bound molecules, which in turn 
makes it more difficult for water to join the ice lattice (26). By 
the same token, AFPs with larger ice-binding sites (i.e. a larger 
"footprint" on the ice) will decrease the area between bound 
proteins, thereby reducing the radius of the curved ice fronts. 
Recombinant dimers based on the type III RD3 isoform have 
shown that activity enhancement arises primarily from an 
increase in the size of the ice-binding surface in contact with 
ice, with just a small component attributed to the increase in 
the size of the protein. 

Acknowledgment— Amino acid analysis was performed by the Al- 
berta Peptide Institute, University of Atorti.. Kdmontun. 
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Some cold water marine fishes avoid cellular damage 
because of freezing by expressing antifreeze proteins 
(AFPs.) that bind to ice ;md inhibit its growth; out such 
protein is the globular type III AFP from eel pout. De- 
spite several studies, the mechanism of ice binding re- 
mains unclear because of the difficulty in modeling the 
AFP-iee interaction. To further explore the mechanism, 
we have determined the x-ray crystallographic struc- 
ture of 10 type III AFP mutants and combined that in- 
formation with 7 previously determined structures to 
mainly analyze specific AFP-ice interactions such as hy- 
drogen bonds. Quantitative assessment of binding was 
performed using a neural network with properties of 
the structure as input and predicted antifreeze activity 
as output. Using the cross-validation method, a correla- 
tion coefficient of 0.60 was obtained between measured 
and predicted activity, indicating successful learning 
and good predictive power. A large loss in the predictive 
power of the neural network occurred after properties 
related to the hydrophobic surface were left out, sug- 
gesting that van der Waal's interactions make a signifi- 
cant contribution to ice binding. By combining the anal- 
ysis of the neural network with antifreeze activity and 
x-ray crystallographic structures of the mutants, we ex- 
tend the existing ice-binding model to a two-step proc- 
ess: 1) probing of the surface for the correct ice-binding 
plane by hydrogen-bonding side chains and 2) attractive 
van der Waal's interactions between the other residues 
of the ice-binding surface and the ice, which increases 
the strength of the protein-ice interaction. 



Many poikilothcrmic organisms Have developed antifreeze 
proteins (API's) 1 to resist freezing. Five classes of structurally 
diverse antifreeze proteins have been found in fish tfor a re- 
view, see Kef 1). These proteins act by adsorbing to the surface 
ef ice and increasing curvature of ice fronts between the 
bound AFPs l'2i. The freezing pom: a: the surface : 



.oiled liv die Medical Research Ccuncil ui'Can- 
itkm t dd hi > i in ,i lefrayeri in part I the 
- lln- rtic in i-d tin i f, r. bo li -i lai-.nl 
rdance with 18 U.S.C. Section 1734 solely to 



Ah 1 1 ii urn x t iii i rhed ffereni < 

between the temperature at which the ice begins to grow (burst 
point; and tile temperature at which the ice crystal melts is 
known as tiiermai hv-Meresis 'THi and is used as a measure of 
AFP activity. 

Keeentiy. several structures of type ITI A.FP have been de- 
termined (4-6). Based on the high resolution x-ray structure 
'Mi, a mode! was proposed whereby surface adsorption occurs 
through a hydrogen bond match between the side chains of 
Gln-9, Asn-14, Thr-15, Thr-18, Gin-44, and the ice prism plane 
ilOlO). These polar residues form part of a flat, amphipathic 
face that is thought to be the ice-binding surface (Fig. If. 
However, the significance of the contribution from hydrogen 
bonds to the AFP-ice interaction has been questioned by sev- 
eral studies since then. A supposedly conservative change of 
Thr to Ser in type I AFP led to a large loss of TH activity, 
whereas a change to the hydrophobic residue valine, which is a 
better space-filling match, caused only a small loss (7,8). In the 
study of the high precision NMR structures of type III AFP (5), 
the authors argue that hydrogen bonds alone are not sufficient 
to explain the affinity of the protein for ice because formation of 
hydrogen bonds between ice and solvent water is enthalpically 
noi if ecauseof the "perfect" alignment of water with 

ice. The less favorable interaction between ice and AFP could 
I i i in i 1 is e id the re least- ot pro- 

tein-associated water into the bulk solvent, Shape complemen- 
tarity was examined experimentally by mutating Ala- 16. a 
residue that is located in the center of the putative ice-binding 
surface dip The loss of activity in these mutants approximately 
correlates with the size of the residue substituted for Ala. 
Ho vevei ructura) i r n I nges was com- 

plicated by shifts in adjacent residues because of the tight 
packi f n oi it tl in 

A fundamental problem in testing landing hypotheses is the 
difficulty in analyzing interactions in a quantitative manner. 
In the crystallographic structure determination of the SP-iso- 
form of type III AFP (6), it is also argued that hydrogen bonds 
re insufficient ft ight bindii And that flatness is perhaps a 
more important factor. A flatness search algorithm was de- 
signed mid used to show' that the proposed ice-binding surface! 
is the flattest in the SP-isoform of type III AFP. However, in the 
case of the QAE-isoform of type III AFP, the putative ice- 
i i 1 i urf i i i t i 1 t i t 1 i which ques- 

tions the relative significance of flatness. 

In this study, we prepared and expressed an additional 10 
mutants of the eel pout type III AFP and determined their 

i i i i i L i 1 i t i i i i lib i ' i ti t i t t d 
protein. Data from pitwi t - - t 1 > is -examined and 

compared. In dddnt'f l t ] t tciii 10, II) 

to predict TH ... i . - i t u 
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ng LSQKAB fi 



x:f-i p 



(16). Onl 



. The p 



structures was iUt--r:nmi-ii usine leazzati plots (17.. Water molecules in 
the mutant -.truiliiii it i i in^l as 1 - d il tli n In] 
within' 15 Aoith < ah r m. ! , id it tht " ili ' .p. -t m tun , u ■ 
theO.2u-Apusitiomdc.iTor fruin the v d-type protein plus I i A > -n . 
positional error oi hi t t ml I li figures were genera il a in 
Molscript (IS) and Raster3D (19). 

Neural Network Analysis—As an alternative and quantitative ap- 
proach ti i-. i i i t i i no i 1 i > in 
-.tiiKt.'ii ana tested n-ne, ili ^lu'i if neural network • -r, ro iSNNH 
■ JtJ The S\\^ fict -a -'a- b s i r itn „ia- lulu „ I 

jj i i i i 1 i 1 it > i t i i ill i i 1 - 1 1 I 

p r T I 111 I in. d H ' f . > 

•a , Maul,, 'r ,n s a, ill J " e, "n tde ones) arid 



s package (22). The I 



e firs 



■e ortboe. 



all at 



unpen a 



used to construct a nehto'l, t main inj i d hill i> wit 
and 1 output node. The optimum number of hidden nodes was empiri- 
cally determined by vuryine, * hi- number from S te JO in more meals of 
4. The initial weights of connections between nodes wore randomly set 
ilu-'L t n-1 md i il i i i - ilt i m „' tin d from 
-10 to 10. Network training was performed for 5000 or more cycles, and 
default values were used for the rciniiminy parameters. The ability of 
the network to predict TH activity was tested by cross- validation, which 
consisted nideaemsT the Til activity and s:\ components of on:- mutant 
out. before traimm;. Then the properties of the mutant left, out were 
applied to the trained neural network, and the Til activity was pre- 
dicted. This was repeated for each of the 17 structures (wild-type 
pn re ni In lout >, The coiiehiti t t cstabh d by thi 

"li-avt-one-out" cross- validation t.riiceclure between the predicted 
and real activity values was calculated ositu; NCSS !.22; and used as an 
indicator of the predictive power of the neural network. To determine 
which properties were responsible for the predictive ability ef the neu- 
ral net il teh group of propem i lotto intui I'l'abl I md 
the cross-validation procedure was rs. peat.ed. Chaimes in the correlation 
coefficient were used as an indicator of the importance of the group of 
properties in predicting TH activity and, therefore, in the protein-ice 



molecular surface of type III AFP 



network results shows that changes in van der Waal's interac- 
tions and to a !wr extent, hydrogen bonds, are responsible for 
the loss of activity in type III AFP mutants. 

EXPERIMENTAL PROCEDURES 
Activity Measurement and X-ray Crystallography of Type III AFP — 
Mutants of the type III AFP QAE-isoform were made by site-directed 
mutagenesis as described by Chao ef at. < 12). Thermal hysteresis activ- 
ity of the mutant proteins was measured and expressed as a percentage 
of wild-type activity. The mutant proteins crystallized under similar 
conditions to the wild type proteins (13) with slight variations in am- 
monium sulfate concentration and pH. Diffraction data (Table I) were 
collected using a MAR Research imaging plate equipped with a Kigaku 
rotating anode generator. The data were processed using DENZO/ 
SCALEPACKU4). and structures were refined os.ii;-; X-PLOR iif>S. The 
mutated side chain was substituted with Ala in the model in the first 
round of refinement to prevent bias in the structure determination. In 



RESULTS AND DISCUSSION 

Validation of X-ray Data— The structure determination and 
refinement statistics of the 1 1 mutant structures determined in 
this study are shown in Tables 1 an d II. Willi the exception of 
N- and C-terminal residues and VaI-15 in the ThrlSVal mu- 
tant, there was no ambiguity in side-chain positions. A com- 
posite Ramachandran plot of ail newly determined structures 
shows that most non-glycine residues were in the most favored 
region, a few were in the allowed regions, and none in the 
disallowed regions (Pig. 2). 

Selection of Residues for Mutagenesis— We have combined all 
the structure information for the QAE-isoform type III AFP 
mutations previously and newly made (Table V) to provide a 
comprehensive muler.-aanding of how the protein could bind to 
ice and prevent its growth. To clarify the roles of the various 
residues, the mutations were based on residues that are pro- 
posed to hydrogen bond to ice (GSn-9, Asn-14, Thr-15, Thr-18, 
and Gln-44), residues that surround these and may interact 
with the ice through interactions other than hydrogen bonds 
(Ala-16, Val-20. and Met-21), and those not located on the 
putative icti-biudim? face iSer-24. Pro-20, Pro-.13, CHu 30, Se.r- 
42, Arg-39, Asn-46, Arg-47, Asp-58, and Lys-61). The muta- 

3: fa) residues located in the "top" part of the putative ice- 
bindtng plane; lb) residues located in the- "bottom'' part til the 
proposed i bin i u plane; uO it 1 te locator; a one- I he bot- 
tom" of the protein; Id) residues mainly located away from 
these regions. Although assignine oriouUeUons and region 
boundaries to the protein may be seen as arbitrary, it simplifies 
the presentation and explanation ul inn interaction between 
type III AFP and ice. 

Mutation of Residues in Region A— As shown in Table I, 
nutation of residues in regioi esulted in n 1 11 
activity, most with TH activities at "T> It t wild type AFP. 
Mutation of Thr-18 to Ser resulted in no loss of activity, sug- 
gesting that a hydrogen bond bet", e i Th) 18< > and ice is the 
important factor in the interaction. For the ThrtSSer mutant, 
the position of the Ser-180.. did nt t el ang< - c< mp ed v. I 
that of Thr-180 r However, m it,,' a.., id l'hr-l-3 to Ser de- 
creased TH < i 1 Li O , - 
be able to hydroger bond to 1 1 h 

the Ser- 15 hydroxy! grou i t ike that il t 
an ideal position to hvdiogfn t i 1 

here the Ser- 1 M ) \ , - ' i s mil I A 



11844 



Type III AFP Structure and Function 



X-ray reflection data 
I hi i «t f I til K t v. p'i I ir h ( s i I il i i u 1 1 



7, mi • j 

Asnl4Gin 

Gln9Thr/Glr,44Thr 

Thrl5Ser 

TlirlHAla 

ThrlSViJ 

ThrlSSer 

ThrlHAla 

Va!20Ala 

A 21 I 

Arg47His 



6,915 
2,702 
7.560' 
3,926 



Th: data tin- the- wild-lype proi 



32.33 
38.0S 
45.48 
8.0-1.25 



33. 00 
44.07 
44.82 



32.64 
:isyi 

■18.38 
S.0-2.3 



32.71 
39.38 
46.51 



32.72 
39.13 
46.62 
5.0-1.05 



32.71 
39.37 
■Jo. 51 



TH activity measured and predicted by the neural network 
TH activity is expressed as percent of wild-type protein at 1 mg/ml. 
Predicted TH activity was determined with the neural network after 
the properties for that protein were left out of training. 

Protum Measured TH Predicted TH 
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Ail properties 
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Total ASA 

ASA of side chains 
Hydrophobic 

Fractional .'an, -polar 

ASA 

Perceat. sale-chain 
hydrophobic ASA 
ASA of carbon 

Polar 
ASA of oxygen 
ASA of nitrogen 
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ASA of charged 
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li ^ i i t - i I .i i - ls { , ncrpally the loss of a hydrogen 
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PW (degress) 

Kit;. 2. Composite Itamacharairan plot of type III AFP mu- 
tants. Tire dam were generated u~iiHT PKOCi 1 hi OK i J t> I The fisri evav 
area represents must allowed ri'twm* wh«T«>sis Iho n.nlium «mv «n>«s 
represent illo Ji nuin (.11 i i i n u n csunted ty ' ( 
#/es with other residues represented by squares. 

Table V 

Mutation of type III AFP residues and the structure and TH activity 
Regions A-D are defined in Fig. 3. Structures were determined as 
described under "Experimental Procedures. " TH activity is expressed as 
percent of wild-type protein it 1 g/ral. Tl tructui i-tyi 
protein, ThrlSAsn, and Asnl4Ser/Gln44Thr were determined previ- 
ously (4), ND, not determined. 



I'. :■ .r 



TH 



Wild type 
GlngThr 
ThrloAla 
TlirlaSer 
Thrl5Val 
ThrloAla 
ThrJHAsn 
ThrlSSer 
Vaf20AJa 
Met21Ala 
Asri 14Gki 
Asnl4Ser 
Gln44Thr 
i nI4 Ii 14'T n 
Uln8Thr/Ghv1.|Thr 
Arg47His 



Lvsfiilie 
Scr2iH,s 
GluJSLvs 
Serl2(uv 
,\sn4t>Scr 



The mutant GlnHThr has approximately the same loss of TH 
rem t 1 Ua aiidThrlSAla. 11 nicture of GlnifThi 
has not U'-ot: determined, but that of the double mutation 
Gin9Thr/Gln44Thr has. Because these residues are far apart in 
the structure if is £ s.* mi i that the mutation at Gln-44 does 

T 1 f ( r M \ T 111 

Gmyll.; m h- .t. ut St* mutant showed that Thr-9 is too far 
l i i ii i a hydrogen bond, 

i d „ i nobie residues located in the 

proposed to binding region. No major changes in the protein 
strut ture w« n f in in either the Val20Ala or Met21Ala mu- 
, „ldi ■ ,n mi shifts of Thr- 180, 



and Giii9N toward tl l use the n hionine side 

chain no ionger separates the two, but these would not drasti- 
cally affect the ability of Thr- 18 and Gln-9 to form hydrogen 
bonds with the modeled ice surface. These residues appear to 

till tness of the pro] U 

surface, which could allow favorable weak interactions, such as 
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are mutated to Aim the previously fat surface becomes re- 
cessed. The mutations are tolerated fairly well with only a 20G 
loss in TH activity. The opposite case, where a substitution 
cat es the sid t i th if m causi 

a drastic decrease in TH activity. One example is ThrlBAsn, 
where 90G of the activity was lost ;4:. The lunger side chain 
may prevent the other icediinumg residues from interacting at 
the some time with the ire surface, A similar effect is seen with 
the AJa-16 mutants, where small stone additions to the ice- 
binding surface by Cys, Met. Thr, or Val resulted in a small 
decrease in TH activity, whereas bulky groups such as His or 
Tyr caused a large decrease (9). 

Mutation of Residues in Region B— In a previous AFP-ice 
binding model, it was proposed that Asn-14 and Gln-44 are the 
first residues to bind to tee i4t. Mutation of either of these 
residues to one with a shorter side chain that still had the 
ability to form hydrogen, bonds, although not necessarily to ice, 
resulted in a large loss of activity. In the structure of the double 
mutant Asa 1 tSer/fhii'l iTlir, the Her-hiO, forms a Hydrogen 
bond with Lys61N e , so that Ser-1.4 can no longer effectively 
hydrogen bond to modeled ice. The potential loss of the hydro- 
gen bond at residue Asn-14 is drastic, because the single mu- 
tant AsnUSer has only 25% TH activity. In the case of 
Asnl4Gln, the longer side chain pushes Lys-61 away to make 
more space so that Glnl40„ is stil! able to hydrogen bond with 
Lys61N e . However, in the x-ray structure, Glnl4N ( . is now too 
far from the modeled ice to form a hydrogen bond. The decrease 
in TH activity is not as great as with AsnHSer (67% versus 
25% TH activity). Conceivably, Gin- 14 may be able to alternate 
between hydrogen bonding to Lys-61 and to the ice. A mutation 
at Gln-44 to threonine also results in a structure that is no 
longer able to hydrogen bond i.o mounted tee. The activity loss is 
less severe (50%). The multistep process, where Asn-14 binds 
first before other hyurogen residues in the ice face, is still a 
possibility because if other residues bound before Asn-14 did, 
one might c pc tionsoft ins< similar or more 

severe decrease in TH activity. 

Mutation of Residues in Regions C and D— Mutations in 
these two regions were made to explore the potential existence 
of additional ice binding surfaces on type ITT AFP, In the ease of 
I'ii AiVl mil' i '1 lului l t«l ii t it i is 
probably the result of changes in the protein backbone confor- 
mation because of the structural role often played by proline 
residues (24). Aside from these two exceptions, mutation of 
other residues in regions C and D resulted in no detectable loss 
of TH activity. These mutants are, however, subject to a dis- 
tinction between -hose 1. i* allowed ice er. -t.J growth auntie 
t ii ii ui i i it ~f T id r l I it i i i nli i i 

region I) resulted m no loss of activity and no change in ice 



etly 



planes along the top and sides the on. tut. i. In region C, 
mutation of residues Arg-47 v-.j e ,, ~> n 1 i 
protein with a bar^t point =1.1 u i I ' i 

that of wild t\p< pri tea 1 ... ;«n 

ice, and there was more variation in TH values. In the case of 
Lys-61, there could be an interaction between the side chain 
and the basal plane of ice. The potential formation of additional 
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n type III AFP; three views of a Corey-Paulmy-KolUm iCPK) model of the wild-type HI AFP w 

or. Red, region A; yellow, region B; blue, region C; green, region D. 



hydrogen bonds between the lower protein surface and the 
basal plane would add to the binding energy, increasing the 
strength of the interaction. Although residues Arg-47 and 
Asp-58 are not located on the bottom of AFP, they may indi- 
rectly affect the ability of Lys-61 to bind to the basal plane of ice 
itself or to hydrogen bond to Asn-X4. For the latter case, this 
suggests that residues in region C may not bind to the modeled 
ice itself, but that losses in activity could be because of the 
inability of Lys-61 to correctly position Asn-14 for binding 

Neural Network Training Tiie basic problem of modeling 
an AFP binding: to icu Ls that no methods that involve the; din-el 
detection of interaction 1 i 1 pn tein and ice (such as solid 
state NMR) have been reported; thus, the analysis of structure/ 
function relationships have been done in an indirect, qualita- 
tive n rtfi I" i mon sigiiif mth the modeling of APT to 
ice is speculative. Therefore, the Til activities and structures 
determined in this study and previously were used in a neural 
hi ;\\o: k to \ it .i i j rsis i his interaction 

that involves proteins hut not any AFP- ice model. 

Properties were chosen and grouped to account for four pos- 
sibly important interactions of protein-ice binding. The first 
group, protein dimensions, consists of" total volume, total acces- 
sible surface area ASA and total ASA of the side chains, 
where ASA is defined as tile area of the protein surface that is 
lydrophobic 
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predict data it has r 



of input nodes used. To reduce the number of input nodes, 
principal component analysis was performed on the 12 proper- 
ties (25). Six components explained 85% of the variance of all of 
the properties, whereas fewer or more components resulted in 
a neural network that could not be trained. Therefore, the six 
components were used for the six input nodes in the neural 
network. The size of the hidden layer was varied from 8 to 40 
nodes by increments of 4 until the highest correlation factor 
between experimental i I i > TT1 activity was deter- 

mined, which resulted in 20 nodes. The number of training 
cycles used was 5000 or more cycles. 

Neural Network Analysis of Mutants—With the chosen pa- 
rameters, the average percent difference between the experi- 
mentally determined TH activity and predicted TH activity of 
structures included in training was <0.1%, demonstrating that 
the network was well optimized. 

The correlation between experimental and predicted TH ac- 
tivity for structures used in the leave-one-out cross-validation 

i 60, nidi t i thai the neural ilri su uliy 

predict the activity of mutants left out. Tin? value is significant 
because of the leave-one-oat cro->s- validation procedure (231. 
Tabic JIT shows the- measured and predicted activity of wild- 
type type ITI AFP and the 16 mutants. Fourteen of the proteins 
had predicted TU activities that were within o(i% of the meas- 
ured values, with 8 of these being v j on ~> T i if the remaining 
3 mutants, ThrlSAla, ThrlSAsn, and AlalSHis, the predicted 
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because of the principal component analysis performed and the 
20 hidden nodes used. 

The changes in the con elation coefficient after leaving each 
group out in turn before repeating the cross-validation proce- 
dure is shown in Table IV. After leaving out protein dimensions 
and polar or charged properties, the correlation coefficients 
dropped significantly, but the remaining terms were still able 
to give sonic predictive power to the r 
these propc Id a hai 1 1 »lfe in 

when tin hyri phobic- gj up properties ■ 
relation coefficient essentially dropped 
suggests that the main ability of the neural network to predict 
the TH activity of the mutants comes from learning about 
changes in hydrophobic character of the protein surface. The 
actual interaction, could come from attractive van der Waal's 
interactions and require that type III AFP have a surface that 
is complementary to that of the ice. This is supported by the 
data of leaving protein dimensions out, which resulted in the 
second largest decrease in the correlation coefficient. These 
properties have no chemical basis hut instead are a reflection of 
changes in the protein shape. 

The neural network did not have information of the location 
of any residue. This would mean, for example, that two muta- 
tions that created a protein with identical global surface prop- 
erties could not be distinguished, even though one may be 
located in the ice-binding face, but another is far away. There- 
fore, the neural network would not be able to effectively deter- 
mine the importance of hydrogen bonds in the interaction. This 
is not a flaw in the design but was done so as not to bias the 
neural network with modeled ice. Combining results from 
structural analysis and neutral network, we envision a mech- 
anism where 1) hydrogen bonds could search for and recognize 
the correct ice-binding plane and 2) attractive interactions are 
facilitated by shape complementarity, which allows the protein 
to remain bound to ice. 

Other Factors in Ice Binding— Two additional issues we ex- 
amined could not be easily integrated into the neural network. 
Given the large number of mutant structures, the conservation 
of positioned water molecules was also examined. Many clus- 
ters of water molecules were found in the N- and C-terminal 
region of the protein, which is located away from the putative 
ice-binding face, whereas few clusters were in the ice-binding 
region (data not shown). In addition, the structures of three 
[ii i (i iti n» o ild-typc protems Ii el i it rn in* i md< 
pondently, one of which was crystallized at 4 V C Hit. None of 
these structures had water cluster* resembling the modeled 
ice. One may speculate that the water around the ice-binding 
surface ;s kepi mobile 10 decrease the energy required to re- 
move them before binding to see. Such an arrangement may 
also help to prevent type 111 AFP acting as an tee seed, because 
water molecules aligned in an ice-like fashion could promote ice 
crystal formation before the protein could bind to an existing 
ice crystal. 
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Analysis of the structures shows one region where no posi- 
tioned water molecules are present. Residues in this region are 
surface-exposed hydrophobic groups (Leu-10, Ile-13, Leu- 19, 
Iie-37, VaM 1, and Leu-51> and have no water molecules within 
4 A of any of the atoms in the side chain. They form a hydro- 
phol i uii T tha cii urn 1 j ii teh » aiound the 

protein and is located behind the proposed ice-binding face. The 
ring is broken by Lys-61, which has a cluster of conserved 
waters. Ongoing studies of mutation of the residues in tins ring 
to alanine show a dramatic loss of activity.'' Therefore, purl of 
type III AFP stopping of ice growth may come from the ability 
of the protein to exclude water from near the tee surface or te 
keep this water in such a state so that it cannot bind to the ice 
surface. It is, however, difficult to quantitate the contribution 
of the hydrophobic ring to the overall interaction and testing of 
this hypothesis requires further experimentation. 
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